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Abstract 
In multi objective optimization, weight criteria of each objective is important for producing better and accurate solutions. In this 
experimental analysis the optimum machining parameters are estimated using Taguchi based utility concept coupled with 
Principal Component Analysis (PCA) on turning of EN25 steel with CVD and PVD coated carbide tools. This method has been 
employed for simultaneous minimization of surface roughness, cutting force and maximization of material removal rate. The 
multi SN ratio is achieved by the product of weight factor and SN ratio to the performance characteristics in the utility concept. 
Principal component analysis is adopted to find the weight factors involved for all objectives. Finally ANOVA concept is 
employed on multi SN ratio to find out the relative significance of machining parameter in terms of their percentage contribution. 
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1. Introduction 
The economics of machining operation is significantly influenced by selection of optimal machining parameters 
[1]. The machining quality and efficiency are improved by optimizing the machining parameters; hence the selection 
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of optimal machining parameter is very important to improve the machining performance [2]. The proper selection 
of machining parameters is obtained by optimization techniques in turning operation [3]. A Systematic and efficient 
methodology of Taguchi method used to determine optimum parameters and this technique eliminates the need for 
repeated experiments by which material, time and cost saved [1]. 
Taguchi method is best suited for single objective optimization problem. In practice most of the industrial 
processes are multi objective optimization problem only. Hence Taguchi method is modified into multi objective 
optimization technique by various researchers [4]. The Taguchi based utility concept is a multi-objective 
optimization technique used to optimize the multi objective simultaneously in turning operation at various 
machining parameter combination [5]. In the utility concept the weight factor is multiplied with each SN ratio of the 
output to obtain a multi SN ratio [6].  
Taguchi based utility concept has been employed for optimizing the machining parameters in turning of free 
machining steel with carbide tool [5]. Taguchi based utility concept is a multi-objective optimization has been 
employed for optimization of machining parameters in turning operation of AISI202 austenitic stainless steel with 
CVD coated carbide tool [7]. Optimum machining parameters and minimum quantity of lubricant are found using 
Taguchi technique coupled with utility concept in turning operation of brass with K10 carbide tool [8]. The 
evaluation of optimum machining parameters for obtaining good surface quality using Taguchi concept coupled 
with PCA [9].  Electric Discharge Machining parameters were optimized using modified PCA based utility concept 
[10]. PCA has been used to assign weight criteria of each objective [11]. 
Tool life and surface finish can be improved by properly controlling the cutting forces in machining process [12]. 
Surface finish is used to estimate fatigue strength, corrosion resistance and wear resistance of the machined 
component [1]. The high precision machined parts required in critical application and is achieved by high surface 
finish. In manufacturing, high surface roughness is undesirable and must be controlled to estimate the performance 
of the mechanical components. [13]. The achievement of high production rate is obtained with the help of high 
metal removal rate in turning operation [14]. The high material removal rate is usually desirable and it acts major 
responsibility in turning operation [5]. 
The main aim of this analysis is to estimate the optimal combination and significant of machining parameters for 
minimization of surface roughness, cutting force and maximization of material removal rate using the application of 
the Taguchi based utility concept coupled with PCA and ANOVA in CNC turning operation of EN25 steel using 
CVD and PVD coated carbide tool 
2. Experimental Procedure 
EN25 steel is medium carbon steel and it provides good mechanical properties and corrosion resistance. It is used 
in automobile and aerospace industries [15]. In this investigation EN 25 steel (DIN standard of 32NiCrMo10-4) was 
used as the work piece and the chemical composition of this material is shown in Table 1. The PCLNL 1610H12 
tool holder with CNMG120404 insert was used as the cutting tool material. The cutting experiments were carried 
out on CNC lathe using Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) coated carbide 
insert. Table 2 shows various machining parameters and their levels selected in this investigation. Totally eighteen 
experiments were conducted and results are shown in Table 3. The experiment was carried out for a length of 120 
mm under wet condition. 
In Taguchi method three objectives are used namely smaller-the best, larger-the-best and nominal-the-best. The 
aim of this analysis is to find the optimum machining parameters for obtaining minimum surface roughness, 
minimum cutting forces and maximum material removal rate. Hence the concept of smaller-the-best for surface 
roughness, cutting force and larger the best for material removal rate were selected. 
In this analysis, four parameters, namely, coated tools, cutting speed, feed rate and depth of cut were selected and 
their levels are shown in table 2.  
In industrial application the average surface roughness is the important parameter. Surftest 301 Mitutoyo surface 
roughness meter used for measuring arithmetic surface roughness for each cutting condition. It is expressed in μm. 
The major cutting force was measured by kistler 9257B dynamometer. It is expressed in Newton (N) 
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Table 1. Chemical composition (wt %) of EN 25 steel. 
 
Material C Si Mn Ni Cr Mo S P Fe 
EN 25 steel 0.327 0.214 0.621 2.54 0.673 0.536 0.010 0.012 Balance 
 
Table 2. Cutting parameter and their levels. 
 
Factors 
Levels 
Level 1 Level 2 Level 3 
Coated tools CVD PVD --- 
Cutting speed (m/min) 113 179 244 
Feed (mm/rev) 0.10 0.18 0.26 
Depth of cut (mm) 0.5 1.0 1.5 
 
The material removal rate in turning operation is the volume of the material removed per unit time in mm3/sec. 
Material removal rate = (1000×v×f×d)/60         (1) 
Where, v is the cutting speed (m/min), f is the feed rate (mm/rev), and d is the depth of cut (mm). Table 3 shows 
various output parameters obtained using selected input parameters. 
Table 3. Experimental Results. 
 
Sl.No Coated tools 
Cutting 
speed 
(m/min) 
Feed rate 
(mm/rev) 
Depth of 
Cut (mm) 
Surface 
roughness 
(μm) 
Cutting force 
(N) 
Material 
removal rate 
(mm3/sec) 
1 CVD 113 0.10 0.5 0.43 110 94.16 
2 CVD 113 0.18 1.0 1.21 302 339.00 
3 CVD 113 0.26 1.5 1.62 561 734.50 
4 CVD 179 0.10 0.5 0.82 129 149.16 
5 CVD 179 0.18 1.0 1.12 243 537.00 
6 CVD 179 0.26 1.5 1.43 469 1163.50 
7 CVD 244 0.10 1.0 0.93 154 406.66 
8 CVD 244 0.18 1.5 1.07 395 1098.00 
9 CVD 244 0.26 0.5 1.28 165 528.66 
10 PVD 113 0.10 1.5 0.98 359 282.50 
11 PVD 113 0.18 0.5 2.12 138 169.50 
12 PVD 113 0.26 1.0 2.69 258 489.66 
13 PVD 179 0.10 1.0 1.45 131 298.33 
14 PVD 179 0.18 1.5 2.37 419 805.50 
15 PVD 179 0.26 0.5 2.83 221 387.83 
16 PVD 244 0.10 1.5 1.74 309 610.00 
17 PVD 244 0.18 0.5 2.38 159 366.00 
18 PVD 244 0.26 1.0 2.92 252 1057.33 
3. Taguchi method 
Taguchi method is a unique statistical design of experimental tool used to estimate the effect of process 
parameters on responses. Orthogonal array is one of the Taguchi tools, which eliminates the number of test required, 
reduces the cost, and reduces the time of experiments. Taguchi recommend signal to noise (SN) ratio which is the 
logarithmic function of desired response act as the objective function for optimization. The level at which the 
highest SN ratio is the level of optimal combination of machining parameters [5]. 
In SN ratio the term ‘signal’ represents the mean value and ‘noise’ represents the standard deviation for the 
objective function. Taguchi suggest the response variables mainly into three different classes, e.g. smaller-the-best 
(STB), larger-the-best (LTB) and nominal-the-best (NTB) [16]. 
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The formulae for computation of SN ratio (ηij) for jth response corresponding to ith trial (i = 1, 2,…, m; j = 1, 2,…, p) 
are different for various types of response variables, and are represented as   
For LTB response variable,       (2) 
 
This is applied for problems where maximization of the objective is desired. This is referred to as the larger-the-best 
type problem. 
For STB response variable,       (3) 
This is applied for problems where minimization of the objective is desired. This is termed as smaller-the-best type 
problem. 
For NTB response variable,                                 (4)   
This is called nominal-the-best type of problem where one tries to minimize the mean squared error around a 
specific target value.  
Where,  ,  , n represents the number of repeated experiments and  is 
the experimental value of jth response variable in ith trial at kth replication. Table 4 shows signal to noise ratio of 
various objectives using the equation 2-4. 
 
Table 4. SN ratio for various objectives. 
 
Sl.No SN ratio 
(Surface 
Roughness) 
SN ratio 
(Cutting force) 
SN ratio 
(Material 
removal rate) 
Multi SN ratio 
1 7.3306 -40.8279 39.4779 1.9736 
2 -1.6557 -49.6001 50.6039 -0.2151 
3 -4.1903 -54.9793 57.3198 -0.6104 
4 1.7237 -42.2118 43.4734 0.9851 
5 -0.9843 -47.7121 54.5994 1.9479 
6 -3.1067 -53.4235 61.3153 1.5791 
7 0.6303 -43.7504 52.1847 2.9915 
8 -0.5876 -51.9319 60.8120 2.7365 
9 -2.1442 -44.3497 54.4636 2.6300 
10 0.17547 -51.1019 49.0203 -0.6289 
11 -6.5267 -42.7976 44.5833 -1.5645 
12 -8.5950 -48.2324 53.7980 -0.9997 
13 -3.2273 -42.3454 49.4940 1.2940 
14 -7.4949 -52.4443 58.1213 -0.5999 
15 -9.0357 -46.8878 51.7729 -1.3697 
16 -4.8109 -49.7992 55.7066 0.3618 
17 -7.5315 -44.0279 51.2696 -0.0956 
18 -9.3076 -48.028 60.4842 1.0390 
4. Utility concept 
Quality is the important attribute, which is used to evaluate product by customers. This quality is controlled and 
improved for their products more acceptable by customers. In other view based on number of dissimilar objective 
customers evaluated a product performance. A composite index is achieved by combination of various evaluated 
attributes for improving the rational decision making. This composite index is known as utility of a product. The 
summation of utilities of each objective indicates the overall utility of a product. 
If Xi indicates the measure of effectiveness of an attribute i and n indicates number of objectives, then the overall 
utility function can be expressed as  
U(X1, X2,…, Xn) = f [U1(X1), U2(X2), …, Un (Xn)]     (5) 
Where, Ui (Xi) is the utility of the ith attribute. 
 
The overall utility function is the sum of individual utilities, 
       (6) 
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The attribute weights may be assigned depending on the relative importance or priorities of the characteristics. After 
assigning weights to the attributes, the overall utility function can be expressed as 
       (7)
   
Where  and Wi is the weight assigned to the attribute i. The sum of the weights for all attributes must be 
equal to 1. The overall utility function is of the “larger-the-best” type characteristics. When utility function is 
maximized, the objective functions are considered to be optimized. 
5. Principal component analysis 
Principal component analysis is used for determination of weight criteria in multi objective optimization. It was 
developed by Pearson and Hotelling. The following procedures are used to determine the weight criteria using PCA 
method [11]. 
(i) The original objective parameters array is constructed as  
 
X   =           (8) 
 
 (j), i=1,2,….,m: j=1,2,…..,n 
 
Where m indicates number of experiment and n indicates number of the objective parameters. In this study,  is the 
value of each objective parameter and m=18 and n=3. 
 
(ii) The determination of correlation coefficient array can be calculated by, 
 
          (9) 
j=1,2,3,…, n: l=1,2,3,…, n        
 
   Where,  is the covariance of sequences  and ,  is the standard deviation of 
sequence  and  is the standard deviation of sequence . 
 
(iii) The calculation of the eigen values and eigen vectors using correlation coefficient array 
           (10) 
    Where  eigen values   k=1,2,...n; Vik=[ak1 ak2… akn]
T eigen vectors  corresponding to the eigen 
value . 
 
(iv) Principal components is formulated as, 
          (11) 
 
Where Ym1 is the first principal component, Ym2 is the second principal component, and so on. The principal 
components are arranged in descending order with respect to variance, and therefore, the first principal component 
Ym2 accounts for most variance in the data.  
 
The weight criteria of various objectives such as surface roughness,cutting force and material removal rate are 
detrmined using PCA and the values are 0.0354, 0.4487 and 0.5158 respectively. 
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6. Analysis of variance (ANOVA) 
ANOVA is used to investigate the significant effect of machining parameters on responses. The ANOVA table 
contains the degrees of freedom, sum of squares, mean square and percentage contribution. The parameters with 
higher percentage contribution arc ranked higher in terms of importance in the experiment and also have significant 
effects in controlling the overall response. ANOVA is also needed for estimating the error variance in the process. 
 
Table 5. Results of ANOVA. 
 
Source Sum of squares Degrees of 
freedom 
Mean Square F Prob>F Contribution% 
Coated tools 15.2755 1 15.2755 24.81 0.0006 41.72 
Cutting speed 11.4235 2 5.7117 9.28 0.0053 31.20 
Feed rate 6.1561 2 3.078 2.03 0.1825 16.81 
Depth of cut 1.2602 2 0.6301 1.02 0.3941 3.44 
Error 2.4948 10 0.24948   6.81 
Total 36.61 17     
 
Table 5 shows the result of ANOVA for multi SN ratio. From the results coated tool has the highest contribution of 
about 41.72 % and cutting speed of 31.20 %. 
7. Results and Discussions 
In this analysis, multiple objectives such as surface roughness, cutting force and material removal rate are to be 
estimated. The experimental values of surface roughness, cutting force and material removal rate are shown in table 
4. Taguchi method uses SN ratio to interpret the experimental values and highest value of SN ratio is the optimum 
parameter combinations. Taguchi’s utility concept coupled with PCA has been employed for optimizing the multiple 
objectives. In this analysis surface roughness and cutting forces are minimized and material removal rate to be 
maximized. Hence smaller the better type characteristics for surface roughness, cutting force and larger the better 
type characteristics for material removal rate have been suggested.  
In the utility concept, the multi objective S/N ratio (η) of the overall utility value is expressed by 
η = η 1w1+ η 2w2+ η 3w3 
Where, η1, η2, η3 and w1 w2, w3 are the SN ratio and weighting factors for each of the objectives such as surface 
roughness, cutting force and material removal rate respectively.  
 
 
 
Figure 1 Main effects plot for multi SN ratio 
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These weighting factors are calculated using PCA for the various objectives to be simultaneously optimized. 
Generally these weights are assumed based on the relative importance and engineer’s experience. But in the present 
analysis, calculated weight factors are used for surface roughness, cutting force and metal removal rate are 0.0354, 
0.4487 and 0.5158 respectively. The computed values of S/N ratio for each objectives and the multi response S/N 
ratio for each experiment in the orthogonal array are given in Table 5. 
The results of analysis of means (ANOM) are used to estimate optimum level of machining parameters. The 
highest value of SN ratio is the optimum level in the given various levels of parameters. Thus in the analysis, 
optimal machining parameters are cutting speed of 244 m/min feed rate of 0.10 mm/rev and depth of cut of 1.0 mm. 
This combination of values is used to achieve minimum surface roughness, minimum cutting force and maximum 
material removal rate. The result of ANOM for multi SN ratio is represented in the main effect plot (Fig 1). 
ANOVA used to estimate the percentage contribution of each machining parameters on multi objective 
optimization. The results of ANOVA seem coated tool and cutting speed are the more significant factors. The final 
step of Taguchi concept is conducting confirmation test. This step is used to validate the conclusions drawn during 
the analysis phase and also to verify the improvement of performance characteristics using the optimum level of the 
process parameters. Two number of trial experiments are conducted based on the optimal parameters as determined 
through Taguchi based utility concept and coupled with PCA. The results were confirmed experimentally at 95% 
confidence interval.  
8. Conclusions 
 
Taguchi based utility concept coupled with and Principal Component Analysis (PCA) has been employed to 
estimate the optimum combination of cutting speed, feed and depth of cut for simultaneous minimization of surface 
roughness, cutting force and maximization of material removal rate. The following are the conclusions  
 
x The Taguchi’s utility concept coupled with PCA is found to be very simple method used for simultaneous 
minimization of surface roughness, cutting force and maximization of metal removal rate. 
x Principal Component Analysis is successfully employed for the estimation of weight factors involved for 
all objectives. The various weights are found using this method are Wsurface roughness=0.0354, Wcutting force = 
0.4487 and Wmaterial removal rate=0.5158. 
x The results of ANOM shows that a combination of machining parameters for this investigation are cutting 
speed of 244 m/min , feed rate of 0.10 mm/rev and depth of cut of 1.0 mm with CVD coated tool. 
x The result of ANOVA shows that the coated tool is the most significant parameter followed by cutting 
speed. 
x The prediction error (i.e) the difference between the predicted SN ratio and multi objective SN ratio is   
within the 95% of confidence level. 
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